This paper proposes a novel RF MEMS capacitive shunt switch, which is applied in Kband (18 ∼ 26.5 GHz). The characteristic impedance matching of the RF MEMS switch is achieved by discontinuous coplanar waveguide (DCPW) structure. Two actuation poles are located at the bottom of the fixed-fixed beam, and they are covered with a dielectric layer of SiN. The pole's thickness is less than that of CPW signal, to avoid the phenomenon of dielectric charging between the beam and the pole. The proposed MEMS switch is fabricated on 400 µm-thickness high resistivity silicon, using the MEMS surface micromachining process. Measured results demonstrate that, at K-band, the return loss is better than 22 dB, and the insertion loss and isolation are better than 0.5 and 17 dB, respectively. The on/off switched time is 168/54 µs when the DC bias voltage is 0/54 V. This proposed MEMS switch provides a solution for K-band communication system applications.
INTRODUCTION
With the rapid development of low earth obit (LEO) satellite constellations, phased array antenna is studied more and more [1] . Switch plays an important role in a phased array antenna, such as phased shifter [2, 3] and switching network [4] . MEMS process technology exhibits a high machining precision [5] , compared with PIN switch and FET switch, and RF MEMS switch exhibits low insertion, low power consumption, and high isolation [6] . MEMS switch can be integrated with an antenna to achieve a reconfigurable pattern [7] [8] [9] .
Many RF MEMS switches with high performances have been reported. Radant Corporation developed a series of RF MEMS switches products, such as RMSW101, RMSW101HP, RMSW201, and RMSW201HP. The performances of these switches products are very good. Recently, ADI Corporation has reported some RF MEMS switches product with excellent performance [10] . Topalli et al. [11] have designed some inductively tuned RF MEMS capacitive switches, but impendence matching properties of these switches in working frequency have never been achieved. However, the forms of these switches are all Omron DC contact switches, whose operating frequencies are from DC to Ku band because their isolation cannot be more than 20 dB. Higher frequency RF MEMS switches with good performance should be resolved urgently.
Many researchers have designed various RF MEMS switches, applied in K band, with a relatively low insertion loss and high isolation. Persano et al. [12] have proposed a K-band RF MEMS switch with electrostatic actuation, and the switch's measured switching time is 100 µs. However, the switch's S 11 parameter has not been given, and the switch's structure is likely to cause dielectric charging. Cohn et al. [13] have designed a MEMS switch with a high lifetime, but the switching time is not measured. Yang et al. [14] have proposed a MEMS switch with fast switching time, and the pull-in/release switching time is 55/20 µs, respectively. However, the switch's insertion loss is nearly 1 dB, and the isolation is only 11 dB at 20 GHz. Bakri-Kassem and Mansour [15] have designed a low insertion loss MEMS switch with hot actuation, but the pull-in and release switching times of the switch are 14 and 3 ms, respectively. Carty et al. [16] have reported an RF MEMS with integrated driver circuitry applied in K band, but the switching time has not been given. Hamad et al. [17] have proposed a K band MEMS reconfigurable resonator using DGS structure, but only simulated the performance of the MEMS switch. This paper designs, fabricates, measures, and analyzes a K-band RF MEMS capacitive switch. DCPW structure is applied in this MEMS switch to realize impedance matching at K band. Meanwhile, a new switch's structure is designed to resolve dielectric charging. The relationship among the beam, pole, and switching time is analyzed. The MEMS switch is fabricated on 400 µm high resistivity silicon, and the properties of the switch are measured. In K band, this proposed MEMS switch exhibits a good performance, and measured results match simulated ones very well.
DESIGN AND SIMULATION OF THE RF MEMS SWITCH

Mechanics Modeling and Structure Design of High Performance RF MEMS Beam
In the design of the MEMS capacitive shunt switch, the relationship among the actuation poles' topology, the spring constant of the fixed-fixed beam, and actuation voltage is researched firstly. The proposed switch in this paper uses two poles located at the ends, which is as illustrate in Fig. 1 . The spring constant k, actuation voltage V , tspring constant k 1 caused by the beam's stiffness and the spring constant k 2 caused by the beam's residual stress are calculated from formulas (1) ∼ (7) [6] .
where ξ is the load per unit length, and P is the total load. Parameters of I, l, w, t, σ, ν, S, E and ε 0 represent the moment of inertia, length of the beam, width of the beam, thickness of the beam, biaxial residual stress, tensile force of biaxial residual stress, Poisson's ratio, Young's modulus, and permittivity of vacuum, respectively. As illustrate in Fig. 2 , the relationship among the pull-in voltage V p , spring constant k, and poles'position (x 1 and x 2 ) is given. The spring constant increases with the increase of poles' area. The voltage decreases with the decrease of x 1 's value and the increase of x 2 's value. The minimum value of the voltage can be obtained in the range of x 1 and x 2 . For example, for the beam with a width of 100 µm, a length of 400 µm, thickness of 1 µm, gap of 1.5 µm, x 1 of 200 µm, and x 2 of 10 µm, the relationship among the pull-in voltage V p , spring constant k, and residual stress σ is as shown in Fig. 3 . The value of V p increases obviously with the increase of the value of σ. The dynamic mechanical properties of the MEMS switch can be analyzed as follow [6] .
where parameters of x, v, m, k, and g represent the displacement, pull-in speed, mass, spring constant, and initial gap of the MEMS beam, respectively. The switching time can be given by Eqs. (9) ∼ (10) [6] .
In order to research the relationship between the actuation voltage and switching time, the relationship among the thickness, spring constant, and switching time is analyzed. When x 1 is 50 µm, the width of beam is 100 µm, the gap 1.5 µm, and residual stress 10 MPa. The calculated results from above formulas are described as shown in Fig. 4 . To improve the MEMS switch's response time, the spring constant of the beam should be increased, and besides, the thickness of the beam should be decreased. The structure of the beam is as shown in Fig. 5 . The anchor with the arc structure and the square holes with a size of 10 µm × 10 µm in the beam are to release the residual stress [20] . The anchors are located at the ends of the fixed-fixed beam.
Simulation and Optimization of the RF MEMS Switch Electronic Properties
Nowadays, various beam structures have been reported, to improve the mechanical performance of MEMS switches. Meanwhile, several transmission line structures, such as short stubs, have been used in MEMS switches, to realize high isolation for specific frequency band. Discontinuous CPW ground can realize the frequency tuning for the microwave device based on CPW transmission line, so the structure has been used in MEMS switch [19] , MEMS filter [17] , and MEMS antenna.
RF MEMS capacitive switch has an obvious feature, which is a dielectric layer used in the capacitive switch. From the capacitive shunt switch equivalent circuit in Fig. 6 , it can be found that the impendence of MEMS beam is less than the port characteristic impedance Z. In order to realize impedance matching, some approaches have been reported (such as "T" circuit) [6] . In Fig. 6 , Z 1 (βl) represents the line to realize impedance matching of the switch, and Z b (βl b ) represents the MEMS switch's characteristic impedance. These circuit parameters in Fig. 6 can be calculated by the formulas as follows [21] .
For K-band MEMS switches, in order to calculate the parameters easier, it is assumed that the central frequency of MEMS switch is 20 GHz, and the parameters of the circuit in Fig. 6 are defined in Table 1 . From above formulas, the value of Z 1 is 138.1 + 229.8i. For the "T" circuit, two high impedance transmission lines are connected to the MEMS switch, respectively [6] . The high impedance transmission of CPW lines can be realized by two ways. One way is to decrease the width of CPW signal line, and the other way is to decrease the gap between the ground and the signal.
As show in Fig. 7 , the actuation poles and CPW transmission line are located at the bottom of the MEMS beam, and they are covered with the dielectric layer of SiN. As known, compared with cantilever beam, the spring constant of fixed-fixed beam is higher, so the actuation voltage of the fixed-fixed beam is larger. To improve the switching time, the actuation voltage of the RF MEMS switch cannot be too low, such as the voltage of the ADI Corporation's MEMS switch being 80 V. However, when the actuation voltage of the MEMS switch with dielectric layer of 0.15 µm-thickness is more than 30 V, it will cause the phenomenon of dielectric charge to decrease the lifetime of the switch. To avoid the proposed MEMS switch contact to the actuation poles when the switch is pulled down, the thickness of poles is less than CPW transmission line in this design. When the MEMS switch is loaded with the DC voltage, the beam is pulled in to contact with the CPW signal line and keep a distance from the poles. Two MEMS switches based on different CPW structures are modeled, and the S parameters' performances of the MEMS switches are simulated by HFSS software, which are as shown in Fig. 7 . The structure of the MEMS switch with the rectangle DGS and its simulated smith chart are given in Fig. 7(a) . The characteristic impedance of the MEMS switch in K-band is mismatched with the port impedance. The input characteristic impedance Z in of the MEMS switch is (0.8316 − 0.1034i) × 50 Ω. From Formula (11) , it is shown that Z in is capacitive and that the real part impedance Z b of the beam is relatively small. In order to increase the real part impedance and reduce the capacitive impedance, DGS with a relatively large size is designed. With the size of DGS increasing, the impedance of the transmission line is increased because the capacitance between signal and ground is reduced. The structure can improve the agreement between the MEMS switch's characteristic impedance and the port impedance. From the simulated Smith chart in Fig. 7(b) , the MEMS switch's reflection coefficient is neatly zero, which means that DGS improves the MEMS switch's VSWR.
FABRICATION
This proposed MEMS switch is fabricated on the high resistivity silicon with a thickness of 400 µm. A layer of SiO 2 is located on top of the silicon substrate. A layer of SiCr is as the high resistivity line, which is used to decrease the collision energy when the MEMS switch is pulled down [6] . Deposition and partition of a layer of SiN are realized by plasma enhanced chemical vapor deposition (PECVD), and the dielectric layer is to prevent short circuit between the high resistivity and CPW signal. Au is sputtered and electroplated to form the CPW transmission line. As the MEMS capacitive switch's dielectric layer, SiN is PECVD again. The polyimide is as the sacrifice layer, and it is removed by supercritical dry release. Au is sputtered and electroplated, and it is as the material of bridge layer. The microscope of the fabricated MEMS switch is as shown in Fig. 8 . The two GSG microwave probes are used to measure the MEMS switch. 
MEASUREMENT AND ANALYSIS
S Parameter and Actuation Voltage of RF MEMS Switch
The insertion loss, isolation, and return loss of the RF MEMS switch are measured, and the results are obtained by cascade probe station, vector network analyzer. The measured results are illustrated in Fig. 9 . The isolation in the K-band is more than 17 dB, the insertion loss better than 0.49 dB, and the return loss better than 22 dB. From Fig. 9(d) , the off-state of the switch is formed because of the reflection of the MEMS switch in K-band, and vice versa.
Switching Time of This Proposed Switch
The RF MEMS switch is measured by cascade probe station, detector, function generator, and oscilloscope to obtain the on/off time. The circuit diagram of the measured system for the proposed RF MEMS switch is as shown in Fig. 10 . The measured results of on/off time are as shown in Fig. 11 . The green solid line represents the MEMS switch's RF out power detected by detector, and the blue solid line represents the square wave DC bias voltage for the MEMS switch. When the MEMS switch is actuated by a voltage of 54 V, the switch is pulled down to contact with the dielectric layer, and it changes the on-state to the off-state. The switching time is 54 µs. On the contrary, when the pull-in voltage is 0 V, the fixed-fixed beam is released, and the MEMS switch changes its off-state to the on-state. The switching time is 168 µs. 
Analysis of the Measured Results
As illustrated in Fig. 9 , the simulated results by HFSS are represented by dotted lines, and the measured results are represented by solid lines. For K-band, comparison between the simulated and measured results is at good agreement. From Table 2 , the switch proposed by this work exhibits with a comprehensive performance, and it has a better switching time especially. The insertion loss of this proposed MEMS switch is better than other K-band MEMS switches with measurement, and the return loss and isolation are also good. 
CONCLUSION
It is a trend that the communication system's operating frequency becomes higher and higher. The MEMS switch exhibits low insertion loss and low power consumption. For K-band communication application, a novel switch using MEMS technology is designed, simulated, fabricated, and measured. In order to improve the RF performance of the switch, DCPW structure is designed and used to the MEMS switch. The performance of the insertion loss, isolation, actuation voltage, and switching time of the proposed MEMS switch are all measured. The agreement between the measured and simulated results is good. This proposed MEMS switch exhibits lower insertion loss than other K-band MEMS switches.
